Abstract-To elucidate the mechanisms of smooth muscle relaxant effects of nitroglycerin, the effects of this substance on the potassium contracture (K+-contracture) and the lanthanum-induced contracture (La3+-contracture) were studied using smooth muscle preparations of the canine coronary artery and colon and the findings compared with the effects of nifedipine, a representative calcium antagonistic vasodilator.
Abstract-To elucidate the mechanisms of smooth muscle relaxant effects of nitroglycerin, the effects of this substance on the potassium contracture (K+-contracture) and the lanthanum-induced contracture (La3+-contracture) were studied using smooth muscle preparations of the canine coronary artery and colon and the findings compared with the effects of nifedipine, a representative calcium antagonistic vasodilator.
The effects of papaverine, a prototype smooth muscle relaxant, were also studied.
La3+-contracture was induced in a calcium-free environment with the addition of lanthanum, an effective blocker of calcium influx. In the coronary artery, nitroglycerin produced a relaxation both of the La3+-contracture and the K+-contracture. However, neither La3+-contracture nor K-contracture in the colon was affected.
Nifedipine did not relax the La3+-contracture in a range of doses at which K+-contracture of both types of smooth muscles was relaxed. Papaverine produced a relaxation of La3+-contracture as well as K+ contracture, in both types of smooth muscles. Unlike the mechanism related to the relaxant effects of nifedipine, which is generally admitted to be an inhibition of calcium influx, the relaxant effect of nitroglycerin was attributed to the suppression of calcium release from the intracellular store sites and/or stimulation of calcium uptake into the intracellular store-sites. Papaverine was assumed to produce a relaxation through augmentation of the calcium binding to the intracellular store sites for calcium as well as through inhibition of the calcium influx. Fam and McGregor (1) were the first to demonstrate that nitroglycerin produced a prolonged dilatation of large coronary arteries, while this agent produced only a transient dilatation of arterioles. In contrast, dipyri Supported in part by grants for scientific research from the Ministry of Education of Japan.
damole produced a dilatation only of the small resistive arterioles.
In the isolated perfused dog heart preparation in fibrillation supported by a donor we (2) confirmed the findings of Fam and McGregor. We further found that calcium antagonistic vasodilators, such as nifedipine and verapamil also pro duced a dilatation of the arterioles only.
This finding was surprising, as Grin and Fleckenstein (3) reported that nifedipine was a more effective antagonist of potassium contracture of the isolated coronary artery preparation than was nitroglycerin. Needless to say the isolated coronary artery preparation they used represents, not the arterioles, but the large coronary artery. In view of this discrepancy, an attempt was made to determine differences in the effects of these two types of coronary vasodilators on the excitation-contraction coupling (E-C coupling) process of the isolated smooth muscle preparations of the large coronary artery of the dog. Actions of papaverine were also studied, as this compound is a prototype smooth muscle relaxant. To characterize the actions of these compounds on the E-C coupling process of the large coronary artery, effects of these compunds on the E-C coupling process of the isolated intestinal smooth muscle preparation were also studied.
MATERIALS AND METHODS
Mongrel dogs of either sex, weighing between 11 and 37 kg were anesthetized with an intravenous adiministration of sodium thiopental (30 mg/kg) and then exsanguinated from the common carotid arteries. The hearts were quickly excised and the circumflex branch of the left coronary artery (2-3 mm) was isolated. The ascending colon was then dissected out. The coronary arteries were cut at an angle of ca 45° into helical strips 25 mm in length while longi tudinal strips 2 mm wide and 10 mm long were cut from the distal portions of the ascending colon.
Each smooth muscle preparation was mounted vertically in a 5-ml cylindrical glass vessel containing a physiological salt solution (PSS) buffered with tris (hydroxymethyl) aminomethane (Tris-base) (Trizma base, Sigma Chemical), which was aerated with 100% 02 and maintained at a temperature of 37±0.3'C.
The composition of the PSS ("Na-Tris" PSS) used was: NaCI 125.0; KCI 2.7; CaCl2 2.0; MgCI2 1.2; d-glucose 11.0; Tris-base 23.8 (mM). The pH of the solution was adjusted to 7.4 with HCI. The muscles were stretched to an optimal length, and were allowed to equilibrate for about 2 hours before start of the experiments. With the aid of a force-displacement trans ducer (Nihon Kohden SB-1T) and a carrier amplifier (San-El Instrument 6M52), the developed tension was recorded isometrically on a self-balancing potentiometric recorder (Hitachi 056).
Since the sources of activator calcium involved in the excitation -contraction coupling process differ depending on the type of stimuli applied (4-6), contractures were induced by two types of stimuli: i.e. potassium contracture and lanthanum con tracture.
Potassium contracture of the preparations was induced with "high K" PSS, which had the same composition as "Na-Tris" PSS, except that all the NaCI was substituted with an equimolar amount of KCI. Potassium sulfate was not used, for the presence of high concentrations of sulfate ions might decrease the effective Ca" concentration in the bathing medium.
Lanthanum contracture was induced ac cording to the method of Fermum et al. (7) : The muscles were exposed for 1 hour to calcium-free "Na-Tris" PSS with 2 MM of EGTA, then the bathing solution was changed to calcium-free "high K" PSS. After 30 min, 1 mM LaCI3 was added.
Drugs used were: nitroglycerin, nifedipine (Adalat, Bayer), and papaverine (JP). Nitro glycerin was kindly provided by Nihon Kayaku Co. Ltd as 10 mg/ml stock solution in absolute ethanol, which was diluted to a desired concentration with redistilled water just before use. Drugs were administered to the muscle bath (5 ml) in a cumulative fashion (less than 0.45 ml total).
RESULTS
Contractures induced with "high K" PSS and lanthanum:
In Fig. 1 is depicted a representative time course of the contractile tension development in the helical strip of the canine coronary artery produced by "high-K" PSS with a normal concentration of calcium (2.0 mM), in comparison with that in the longitudinal smooth muscle preparation of the colon.
Two distinct phases were noted in the potassium contracture of the intestinal smooth muscle, while the tension developed monotonously in the coronary artery strip to attain a steady level within 1-1.5 hour. Figure 2 illustrates the time course of development of lanthanum contracture in the coronary artery, as compared with that in the colon of the dog. Lanthanum contracture was induced as described in the "Method" section: The muscles were bathed in calcium free "Na-Tris" PSS with 2 mM EGTA for one hour and then in calcium-free "high-K" PSS. After 30 minutes 1 mM lanthanum was added. The contractile tension was expressed as % of the steady contractile tension of the same preparation attained in "high-K" PSS ([Ca]o=2.0 mM). A relatively prompt increase in tension was noted with the coronary artery strips compared with the gradual increase in tension seen in the case of the intestinal smooth muscles.
The average contractile tension attained after 1 hour was approximately 24% of the steady contractile tension obtained in "high-K'" solution for coronary strips and 13% for intestinal smooth muscle strips. The lanthanum contracture was practically irreversible with ordinary means; even with repeated washings with "N a-Tris" PSS complete relaxation did not occur.
Effects of vasodilators on the potassium contracture and lanthanum-contracture: Nitroglycerin produced a relaxation of potas sium contracture in the coronary artery, as reported by Schnaar and Sparks (8), while it was all but ineffective on the potassium contracture of the colon (Fig. 3) . The effects of this substance on the lanthanum contracture are also illustrated in the figure. The lanthanum-induced contracture of the coronary artery was effectively relaxed by nitroglycerin. In contrast, the lanthanum (Fig. 4) . Papaverine suppressed both the potassium and lanthanum con tractures of two types of smooth muscles at similar doses (Fig. 4) . DISCUSSION 1) Mechanism of lanthanum contracture and relaxant effects of nitroglycerin: In the two types of smooth muscle preparations we used, a definite contracture was induced by lanthanum, although there was a difference in the speed of onset and the steady state level of tension developed (coronary artery >colon).
Since lanthanum is an effective blocker of inward movement of calcium across the membranes (for references see Weiss (9)) and the contracture was elicited in the practical absence of calcium in the bathing fluid, it is unlikely that the activating calcium is supplied to the contractile proteins by an increased Ca" influx. Inhibition of calcium efflux and a consequent accumulation of calcium within the cell may also be In view of the differences noted with regard to the La"-contracture of the coronary artery and the colon, i.e. a slower development of tension in the colon than in the coronary artery and lack of relaxant effect of nitroglycerin in the colon, it seems that the intracellular store-sites for calcium differ depending on the types of smooth muscles.
According to the electronmicro scopic observations of Devine et al. (19) , the sarcoplasmic reticulum occupies a relatively large portion of the cytoplasmic volume in large elastic arteries, to which the coronary artery preparations of the present study belong.
Hence, the sarcoplasmic reticulum could be the main intracellular store-site for calcium supplies to the large elastic artery. Two other structures capable of sequestering calcium within the cell are the mitochondria and the surface membrane.
Nitroglycerin produced a relaxation of the lanthanum contracture of the coronary artery.
Three explanations are possible: (1) an inhibition of calcium release from the intra cellular store sites, (2) an accelerated reuptake of calcium to the store sites and (3) an acceleration of outward extrusion of calcium. Of these three, acceleration of outward extrusion of calcium is not likely, for experiments conduced in this laboratory on coronary artery strips demonstrated that "Ca efflux induced by dinitrophenol +monoiodoacetate (which, according to Van Breemen et al., (20) , represents the extrusion of calcium from within the cell) was not affected by nitroglycerin (to be published).
2) Mechanism of potassium contracture and relaxant effects of nitroglycerin and nifedipine: Durbin and Jenkinson (21) using guinea pig taenia coli found that responses of the intestinal smooth muscles to all stimu latory agents were readily abolished in Ca" deficient medium.
In vascular smooth muscle preparations (4, 22), K+-induced contraction was more readily inhibited by removal of extracellular Ca" than was the contractile response elicited by other stimu latory agents. These findings indicate that intestinal smooth muscle depends primarily on the calcium at extracellular or superficial cellular sites or stores for initiation of con traction, irrespective of types of stimuli, and that part of the activator calcium necessary for K+-contracture of the vascular smooth muscle is derived from similar site(s). The fact that a representative calcium antagonist, nifedipine, produced a definite relaxation of potassium contracture of both types of smooth muscles is consistent with this idea, for the mechanism of action of the so-called calcium antagonist is thought to be the selective suppression of calcium fluxes across the membrane (3, [23] [24] . Nitroglycerin was almost ineffective in inhibiting the potassium induced contracture of the colon, while it was an effective relaxant of the potassium contracture of the coronary artery. This differential effect of nitroglycerin could be explained by assuming that the substance is devoid of an inhibitory action on the calcium fluxes across the membrane.
The lack of relaxant effect of nitroglycerin on the potassium contracture of the colon is in accord with our previous findings in the guinea pig taenia coli (25) .
3) Mechanism of action of papaverine: Papaverine was an effective antagonist of both the lanthanum and potassium con tractures of both types of smooth muscles used in the present study, indicating that the substance induced a suppression of trans membrane calcium flux and utilization of the intracellularly stored calcium. It was re ported by Schneider et al. (26) that papaverine exerted a direct blocking effect on the slow inward Cat current of the guinea pig heart. Papaverine is a potent inhibitor of phosphodiesterase (27) (28) (29) and an intracellular accumulation of 3',5'-cyclic AMP was demonstrated in various types of smooth muscles (27, (30) (31) (32) . Furthermore, enhancement by 3',5'-cyclic AMP and papaverine of calcium binding by micro somal fractions isolated from intestinal smooth muslce was reported by Andersson and Nilsson (33) . These findings strongly suggest that papaverine-induced relaxation of the lanthanum-contracture was due to the stimulation of calcium-binding to the intracellular store-sites. 
